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Abstract

An earthquake of local magnitude M; =4.6 occurred on November 7, 2010, 4.5 km
northwest of the Aswan High Dam on the Spillway Fault. In the Aswan metropolitan region
this earthquake was felt intensely. As no surface rupture was found, the focal mechanism
and the distribution of seismic activity was one of the tools used for finding fault
dimensions. The composite fault-plane solutions for the observed events on the Spillway
Fault showed a left lateral strike-slip faulting with normal-fault component striking NNW-
SSE. Also, remote sensing techniques were applied for the detection and identification of
the geomorphology and geometry of the Spillway Fault. In this research, sub-surface layers
and structures are delineated utilizing near-surface seismic techniques. Furthermore, the
area’s supposed path and position of the Spillway Fault are also investigated. Two active
seismic techniques, Seismic Refraction and Multi-Channel Analysis of Surface Waves
(MASW), are utilized for recording near-surface seismic wave data at 9 sites. The seismic
refraction profiles are conducted as a 2D cross-section on the trace of the detected Spillway
Fault in the study area to evaluate the maximum depth of penetration of the P-wave for
fault investigation. The constructed 2D seismic and structural sections from P-wave results
show that the obtained average depth of about 30 m. In addition, the estimated P-wave
velocities extend from 600 m/s to over 6500 m/s. Some lateral variation in the seismic wave
velocities in all layers may represent fault zones. Moreover, the 1D MASW technique is
conducted to estimate the velocities of the shear wave for the upper 30 m (Vs30) to provide
the site classes and soil characteristics along both sides of the detected Spillway Fault trace
in the study area. The calculated Vs30 values emphasized the idea of the existence of a
normal dip-slip fault trace which divides the study area into two different lithological parts.
The first part is located on the eastern side and characterized by almost class B (hard rock,
according to NEHRP classification), while the other part is located to the west, and shows
almost class type C (denoted as dense soil and soft rock soil).
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1 Introduction

On November 7, 2010, an earthquake of magnitude M; =4.6 according to the Richter scale
took place in Aswan area, Upper Egypt. This earthquake was felt by the locals. This earth-
quake was located in the middle area about 4.5 km west of the High and Old Aswan Dams
(Fig. 1), and observed by Aswan and Egyptian National Seismic Networks as in Table 1,
This earthquake is moderate, while its importance comes from its proximity to the High
and Old Aswan Dams’ sites and to the Aswan residential areas (Dahy 2012; Fat-Helbary
et al. 2012; Mohamed et al. 2022; El-Bohoty et al. 2023).

The focal mechanism and the spread of seismic activity were two methods utilized
before for determining fault size since no surface rupture was discovered at the epicentre
of the earthquake. The composite fault-plane solutions for the observed events on the
Spillway Fault showed a left lateral strike-slip faulting with normal-fault component
striking NNW-SSE (El-Bohoty et al. 2023). Remote sensing techniques were also applied
for the detection and identification of the geomorphology and geometry of Spillway Fault,
and lineament extraction. Two shallow seismic methods—Shallow Seismic Refraction
(SSR) and Multi-Channel Analysis of Surface Waves (MASW)—were used in this study to

Fig.1 Location map of the study
area
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Table 1 The earthquake

. Date Origin Time Location Depth Magnitude
parameters
hour minute second Latitude Longitude
oN °E
7/11/2010 09 54 3415 240 32.85 2km 4.6
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identify the subsurface structures and layers as well as to look into the suspected path and
position of the Spillway Fault in the region.

One of the most useful geophysical techniques is known as shallow seismic refraction
(SSR), which can be used to identify the depth of the bedrock, and geotechnical parameters
of the investigated sites (Meneisy et al. 2020; 2023; Fat-Helbary et al. 2019b), the depth
to the water table (Butler 1990; Holzer and Bennett 2003; Burger et al. 2006), the kind of
lithology, the lateral and vertical changes in lithology (Al-Heety and Shanshal 2016), in
addition to, investigate the probable subsurface structural features like faults and cracks
(Karastathis et al. 2006; Hamed 2019; Rasif et al. 2023). In order to conduct a seismic
refraction survey, field data must be collected, processed, and interpreted. For accurate
data acquisition and interpretation, the application of geologic information of the studied
area is implied. On the other hand, data processing which includes both the construction
and inversion of travel time curves does not require geologic information. The Shallow
seismic refraction survey was conducted as a cross-section profiles on the supposed path
and location of the Spillway Fault in the study area.

Multi-Channel Analysis of Surface Waves (MASW) technique has been applied to
classify the uppermost part of the surface layers of the study area (Park et al. 1999). The
dispersive property of Rayleigh waves as they travel across a stratified material forms the
cornerstone of surface wave approaches. Dispersion is the term used to describe how phase
velocity varies with frequency (Rahnema et al. 2020). The relevant Vs profile is back-
calculated from the obtained dispersion curve using iterative forward or inverse modeling
approaches, then it is possible to determine Vs30 from the acquired Vs profile (Al-Heety
and Shanshal 2016; and Hamed et al. 2023). Shear-wave velocity, according to Bessason
and Erlingsson (2011), Toni (2012), Toni et al. (2019, 2022) and Meneisy et al. (2020)
is a crucial factor in estimating a soil layer’s stiffness. Hence, increases in material shear
strength or rigidity are a result of the shear-wave velocity increasing (Ivanov et al. 2008).
There are already a number of international classification codes that categorize locations
depending on the vertical shear wave velocity measurements. The seismic classification
schemes offered by the National Earthquake Hazard Reduction Program (NEHRP system)
are employed in this study (Table 2).

Table 2 NEHRP seismic site

AP Site Class Description Average shear wave
classification based on shear P g

velocity (m/s) top 30 m

wave
A Hard rock V530, > 1500
B Rock 760 < Vs30,,, <1500
C Very dense soil 360 < Vs30,,, <760
D Stiff soil 180 <Vs30,,,<360
E Soft soil Vs30,,, <180
F Soils requiring site- -

specific evaluation
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2 Local geology of the study area

The geological setting of the Aswan High Dam area (Fig. 2a) is mainly consists of the
Cretaceous Nubian Sandstone formation belonging to the upper Cretaceous which located
above Precambrian crystalline hard igneous and metamorphic rocks (EGSMA 2002). The
sandstone succession covered most places in the study area with thickness ranges between
70 and 162 m. On the other hand, this thickness shrinks to about 30 m in proximity to
the spillway emergency bridge (Fig. 2b), while the basement rocks appear at some places
near or on the surface. The successions of the Nubian sandstone group consist of several
formations, namely Umm Barmil, Timsah, and Abu Aggag Formations. Most of these
formations consist of clastic deposits of sandstone and shale, but the Timsah Formation
is characterized by the presence of layers of Oolitic iron ore, which was exploited in the
Abu Aggag area east of the Nile River. The rocks of these units are characterized by the
horizontal and vertical change in sedimentary facies from sandstone to alluvial depos-
its and shale. The thickness of the Umm Barmil Formation is about 40 m. It consists of
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Fig.2 Geological map of the Aswan High Dam area (after EGSMA 2002) (a), cross-section along spillway
fault (WCC,1985) (b), and the location map for the seismic refraction profiles along the Supposed spillway
fault trace (c¢)
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coarse-to-medium-grained sandstone with the presence of the phenomenon of the primary
stratigraphic intersection with intrusions of the silt. The Umm Barmil Formation is located
above the Timsah Formation with an erosion surface. The Timsah Formation thickness
ranges from 10 and 35 m and consists of sandstone and kaolinitic silt with the presence of
some overlaps of iron oxides. There is a Timsah Formation on top of the Abu Aggag For-
mation with a surface of unconformity. While the Abu Aggag Formation thickness ranges
from 30 and 40 m. It consists of coarse-grained non-graded kaolin sandstone which char-
acterizes the channels of sedimentation. According to Attia (1955); Hendriks et al. (1987);
Youssef (2003) the Abu Aggag Formation is located in the Aswan region directly above
the basement rocks with the presence of unconformity surfaces (Fig. 2b).

3 Methodology
3.1 Shallow seismic refraction

In seismic refraction, it is important to remember that the subsurface is made up of a
sequence of layers separated by planes of dipping surfaces. Seismic velocities are also
consistent inside each layer, and layer’s velocity increases with depth, constraining ray paths
to the vertical plane containing the profile line (Adeoti et al. 2012). The seismic refraction
method uses a variety of sensors evenly distributed along a survey line to track the elastic
compression wave as it travels through geological material. For deep prospection, elastic
waves can also be induced at the middle and the two terminals of the survey line by mass
falls, hammers, or explosives. When the elastic wave reaches its location, sensors known
as geophones monitor the vibration velocity, which allows them to detect these waves. The
needed depth of investigation determines the dimension of the survey line and the distance
between detectors. The space—time curves are then constructed by using the data to figure
out the time at which the compression waves arrive at each geophone. The seismic profile
can be established by analyzing these curves (Kearey et al. 2002).

In the current investigation, the field collection procedure for data started with a site
investigation to map out traverses (profiles), during which data were collected using a ver-
tical geophone with a natural frequency of 14 Hz and a seismograph with 48 channels, the
modal is Strata Visor-NZ. Nine profiles have been conducted in this investigation, distrib-
uted perpendicular to the supposed trace of the Spillway Fault, which is displayed on the
base map as solid blue lines (Fig. 2c). The source energy needed for such a relatively near
surface investigation has been supplied using a thick and heavy metallic plate and a sledge
hammer weighing around 10 kg. Along the profile into the earth, the geophones are prop-
erly set vertically. To improve ground connection and the ability to detect seismic waves,
spike geophones were buried in the ground. There are 24 geophones set up with a constant
distance of 5 m between them and an overall spread of 115 m. The data was gathered with
a 0.25 ms sampling period (interval) and a 0.75 s total recording time length. The front,
center, and reverse firing techniques were used to collect the data and produce the P-wave
(Fig. 3a). An example of a field seismic survey in the research area is shown in (Fig. 3b).

First picks for the frontal, center, and backward firing were selected from stored data
files after being visually examined and checked for accuracy (Fig. 4a). To create a set of
travel time-distance curves for every line, the chosen initial arrival times were plotted
against the source-to-geophone intervals (Fig. 4b). Following checking for compatibility
using the intercept-time principles, these traveltime-distance curves were some of them
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Fig.3 Configuration of the seis- F———— prrT— p———
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rectified for accurate data explanation. An efficient 2D tomographic inversion method was
used to analyze and explain the plotted time-distance graphs of the gathered data (GODO-
GRAF software). Moscow State University created the program that we are using (Piip
1991, 2001). In this system, every couple of reversed traveltime curves chosen from the
entire set of curves has the homogeneous function fitted to the real velocity section. From
the simplest instance of two inverted traveltime curves to situations where the receivers
and sources are evenly dispersed throughout the profile, the inversion is appropriate to any
combination of traveltime curves (Piip 2001). Building a seismic section as a 2D velocity
model is made possible by inversion (Fig. 4c). This model is indeed a seismic cross-sec-
tion, where the resultant velocity field values are calculated at vertices of a grid pattern and
they are shown as a field of velocity contour lines with a constant interval. Those seismic
models have the potential to include straight-lined seismic barriers (lines of function dis-
continuity), where the velocity gradient is irregular (as seen in Fig. 4c).

In contrast, the identical velocity field is shown in the structural sections as a surface
with shaded relief that is overlaid by velocity contour isolines. The obtained gradient is
inversely proportional to the space between contours, it is feasible to visually estimate
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the velocity gradient values from these lines (Piip 2001; Piip and El-Haddad 2008). The
borders and blocks that are constrained by faults may be seen in the structural sections.
Hence, the seismic boundaries and faults may be assigned to these images. The transition
zones with the highest lighting (brighter lines) are where the velocity rises with depth and
the inversion discontinuities with the lowest illumination or dark lines.

The 2D velocity models for the nine identified profiles on the hypothetical expansion of
the Spillway Fault were created by processing and interpreting the seismic data acquired in
the examined locations using the 2D tomographic inversion method (GODOGRAF soft-
ware), as illustrated in Figs. 5, 6, 7, 8, 9, 10, 11, 12 and 13 Up. These models are shown as
fields of contour lines representing velocity with an interval of 1000 m/sec. Given that the
gradient is inversely proportional to the separation between contours, it is feasible to visu-
ally estimate the velocity gradient values from these lines. The seismic zones, which may
act as the strata, can be delineated by extended boundaries and maintaining the values of
the velocity gradient and velocity interval from top to bottom of strata (Piip 2001; Piip and
El-Haddad 2008). Moreover, Figs. 5, 6, 7, 8, 9, 10, 11, 12 and 13 Down show the struc-
tural sections for the same nine profiles that were scattered throughout the study locations.
the same velocity pattern is shown as a surface with a shaded relief and velocity contour
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Fig.5 Seismic velocity section along profile No.l. (Up) The 2-D velocity section, and (Down) Structural
section (the P-wave velocity in m/s)
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Fig.6 Seismic velocity section along profile No.2. (Up) The 2-D velocity section, and (Down) Structural
section (the P-wave velocity in m/s)

isolines overlaid on it. The borders and blocks that are constrained by faults may be seen
in the structural sections. Therefore, the seismic boundaries and faults may be assigned to
these images.

3.2 Multi-channel analysis of surface waves (MASW)

Geophones are arranged in a straight line on the test site’s surface to collect MASW data.
As a seismic geophysical method, the MASW methodology can be used, and it is crucial
that they are positioned vertically on the ground to estimate the soil shear wave velocity
profile. It was introduced in the late 1990s as a development of existing surface wave
methods (Park et al. 1999; Nazarian 1984; Ballard Jr 1964). This method has been used
for several purposes, including the assessment of seismic sites in accordance with building
codes and, the calculation of dynamic soil parameters and conditions before and after
construction (Fat-helbary et al. 2019a, b; Abodeif et al. 2019a, b; Al-Heety et al. 2021),
and the identification of subterranean cavities (Xia et al. 2006a, b; Abbas et al. 2023). The
longest wavelength of a surface wave that is acquired during data collection determines the
maximum investigation depth. A widely used empirical criterion according to Park and
Carnavele (2010) is that:
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Fig.7 Seismic velocity section along profile No.3. (Up) The 2-D velocity section, and (Down) Structural
section (the P-wave velocity in m/s and the red line represents fault)

Zox = 0544, (1)

In a broad sense, the investigative depth will progressively increase as the seismic
source becomes stronger. A relatively heavy sledgehammer is a popular option (e.g. 10 kg).
Additionally, the use of an impact plate metallic or non-metallic can assist in the generation
of surface waves characterized by low frequency and long wavelength Park et al. (2002).
The greatest depth of study is correlated with the receiver spread’s length (L), which is
proportional to the longest wavelength that may be generated.

Apaxr = L )

The empirical requirements for the greatest depth of investigation previously stated can
be described in terms of the receiver spread’s length as follows:

@ Springer



Acta Geodaetica et Geophysica (2024) 59:27-50 37

Profile (4)

150

140

130

Elevation (m)

120

110

150

140+

130

Elevation (m)

120

110

Distance (m)

Fig.8 Seismic velocity section along profile No.4 (Up) The 2-D velocity section, and (Down) Structural
section (the P-wave velocity in m/s)

Z0x =~ 0.5L 3)

However, an extremely wide receiver spread should be avoided. At the end of an
unusually long receiver spread. Surface waves could have attenuated underneath the noise
level, making the signal from the most distant geophones too noisy to be useful (Park et al.
1999). In order to determine the shallowest resolvable depth of examination, the shortest
wavelength that may be investigated (z,,,) is linked to the geophone spacing (dx).

dx = n.z., 4)

where 0.3 <n<1.0
The separation between the source and nearest receiver is known as “source offset,” and
it is represented by (x;). Unwanted near-field effects can be reduced by adjusting the source
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Fig.9 Seismic velocity section along profile No.5 (Up) The 2-D velocity section, and (Down) Structural
section (the P-wave velocity in m/s and the red line represents fault)

offset for a specific measurement profile (Park and Carnavare 2010). According to some
reports, a long source offset (x;), might increase energy for long wavelengths i.e. reach to
deeper strata (Park and Shawver 2009; Park and Carnavare 2010). Therefore, it has been
stated that the lowest and highest source offsets are as follows:

X| min =0.2Land x| ., =L )

In order to raise the amplitudes of consistent surface wave signals and to increase the
signal-to-noise ratio (S/N) as a way to overcome noisy environments, successive repeated
hits and the recorded data can be stacked together (Ivanov et al. 2008).

A data-gathering device is attached to the geophones. Geophones with low frequencies,
such as 4.5 Hz, are advised. Typically, 12 or more geophones are employed, each of which
is linked to a different recording channel (Park et al. 1997). 24 or 48 receivers are fre-
quently employed in reported studies (Park and Carnevale 2010; Donohue et al. 2013). In
general, a better resolution in the dispersion image may be obtained by using more geo-
phones for recordings (Park et al. 2001). Equal distance between the receivers should be
used (Park et al. 1997). Figure 14 displays the basic measurement profile for a 24-geo-
phone active MASW survey.

An impulsive seismic source with a total time of recording (T) of approximately one
and a half seconds and a sampling interval of one millisecond was used for the MASW
survey. The greatest depth of investigation (z,,,,) is affected by the type of seismic origin
employed and the investigated site. Appropriately heavy sledgehammer (such as 10 kg) is

@ Springer



Acta Geodaetica et Geophysica (2024) 59:27-50 39

Profile (6)
Fault
160
E
= 150
=
(=)
=
S 1404
=
=
130
120
1 I 1 I 1 1 I 1 I 1 I
0 0 20 3 40 50 60 70 8 90 100 110 120
Distance (m)
Fault
160
E
= 150
=
S
=
S 1404
=
=
130
120
I 1 I I U I 1 I 1

) I
0 0 20 30 40 50 60 70 80 90 100 110 120
Distance (m)

Fig. 10 Seismic velocity section along profile No.6 (Up) The 2-D velocity section, and (Down) Structural
section (the P-wave velocity in m/s and the red line represents fault)

a common alternative. Using an impact plate (base plate) can also help to produce low-
frequency surface waves.

During the survey planning, 17 locations have been chosen for the acquisition of sur-
face-wave data (Fig. 14a). Seismic data are collected by using Geometrics StrataVisor
NZ seismograph. For surface waves with frequencies as low as 4 Hz, 24 low-frequency
(4.5 Hz) vertical component geophones are widely applied, allowing for maximum inves-
tigation depths of more than 30 m for the majority of studied points (Park et al. 2001), the
geophones were spaced 2 m apart (Park et al. 1997). The energy source for surface-wave
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Fig. 11 Seismic velocity section along profile No.7 (Up) The 2-D velocity section, and (Down) Structural
section (the P-wave velocity in m/s and the red line represents fault)

generation was a vertical strike from a 10-kg sledgehammer. On all recordings, a stack-
ing technique was used with a total of five stacks to boost the signal-to-noise ratio (S/N)
(Ivanov et al. 2008). In order to optimize and restrict the data inversion and confirm the
validity of the seismic velocity spectrum, the offset (x;) was adjusted at 5 m and 10 m at
the normal and reverse sides of each profile (Fig. 14b) in order to improve the obtained
dispersion curve by allowing monitoring of the near- and far-field effects (Park et al. 2001;
Yoon and Rix 2009). In this study, a fixed source-receiver layout has been used (Fig. 14b).
All of the shot gathers have been merged into a single file, pre-processing, picking, and
inversion were done to data (Fig. 15a). Depending on the positions of the source and
receivers, and the spacing between the geophones, field geometry is then applied to the
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Fig. 12 Seismic velocity section along profile No.8(Up) The 2-D velocity section, and (Down) Structural
section (the P-wave velocity in m/s and the red line represents fault)

data. In addition, it should establish a common frequency range for all inputs and define
the frequency ranges of surface-wave signals shot by shot.

Additionally, to eliminate back scattering and remove the higher mode effect, the f-k
filter should be applied to the raw data (Fig. 15b). In addition, to alleviate some of the
interference on the fundamental mode, the higher mode was chosen and employed in the
dispersion-curve f-k filter to eliminate high-velocity surface wave energy between 65 and
75 Hz (Morton et al. 2015). In comparison to the original data, the fundamental mode
energy became more prominent after passes in the filtered traces. This filter is applied to
shot gathers to increase the signal-to-noise ratio required by surface-wave analysis. This

large ratio indicates that the derived phase velocity-frequency curve may be accepted
(Fig. 15¢).
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section (the P-wave velocity in m/s and the red line represents fault)

The phase velocities-frequency dispersion curve of the fundamental mode was manually
picked from 6 to 63 Hz. The input signal for inversion is derived from the surface wave’s
fundamental mode. The fundamental mode is always the most prevailing one (Taipodia
et al. 2012), however, this is not often the ideal case. Poor picks and the miss-identification
of different modes will give unreasonable outcomes. Following every iteration, the shear
wave velocity is modified, and the inversion method starts by looking for a Vs profile
whose theoretical dispersion curve matches the experimental dispersion curve acquired
from the dispersion examination. If there is no matching, the inversion will change the Vs
profile, and the process will be repeated by calculating a new theoretical curve. Iterations
refer to each cycle of this search; they keep going until a matching occurs and a low root
mean square error is attained (Park et al. 1999). As a result, material that lies right under
the center of the geophones spread will yield a 1D profile that is most representational of it
(Fig. 15d).

The precise extraction of the dispersion curve is based on the exact interpretation of
the subsurface geology (Park and Miller 2001). The 1D shear wave velocity models have
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Fig. 14 Location map of the seismic MASW profiles around supposed Spillway fault (a), the Source-
Receiver configuration with a standard fixed roll along for 1D MASW field survey (b)

several striking features likely affected by changes in material properties or lithology.
Variations in material textures, cementation, or compaction are probably related to rapid
changes in the velocity gradient. Data possessed a usable bandwidth of 6 to 63 Hz, equat-
ing to a depth of penetration of more than 30 m. In consequence, Fig. 16 has been con-
structed to display the variation in shear wave velocity values around the expected Spillway
Fault at different depths. The 1D shear wave velocity models have several striking fea-
tures likely affected by changes in material properties or lithology. Variations in material
textures, cementation, or compaction are probably related to rapid changes in the velocity
gradient.
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Fig. 16. 1D Vs model obtained for all profiles along the two sides of the supposed Spillway Fault trace

3.3 Vs30 site classification

In general, several factors, such as the near-surface geology, source characteristics,
and seismic wave spreading pathway, influence ground motion. In earthquake and civil
engineering, the elastic properties of materials close to the surface and their influence
on seismic wave penetration are particularly important. One of the most significant
variables contributing to the amplifying of earthquake movements is the rise of
amplitudes in soft or loose sediments (First et al. 2015). The amplification of seismic
waves is inversely proportional to the outcome of the shear wave velocity (Vs) and the
observed soil density (p) and is strongly correlated with regions having a significant
impedance contrast (Aki and Richards 2002):

where the density of the soil under investigation is (p) and (Vs) is the shear wave velocity,
the Vs profile more accurately captures the site conditions in the area. Recently, it has been
able to determine the soil characteristics of the research region as well as the shear wave
velocities (Vs) using the MASW approach. We can analyze the shear wave velocity (Vs)
and soil properties of the area near the suggested Spillway Fault extension up to a depth of
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Table 3 Vs30 and sites classes according to NEHRP site classification

Profie Eastern profiles Vs30 Site class Western profiles Vs30 Site class
1 E-1 761 B W-1 542 C
2 E-2 664 C W-2 711 C
3 E-3 762 B W-3 548 C
4 E-4 627 C Ww-4 672 C
5 E-5 443 C W-5 483 C
6 E-6 772 B W-6 698 C
7 E-7 685 C W-7 774 B
8 E-8 955 B W-8 961 B
9 E-9 775 B W-9 - -

30 m, The following equation should be used to determine the average shear wave velocity
of the top 30 m (Vs30):

30

Vs30 = Z?il(ii) )

According to Eq. (7), (ith) denotes a formation or layer that is located in the top
30 m, and (h;) and (v,) stand for the formation or layer’s thickness (in meters) and shear
wave velocity, respectively. The NEHRP Code accepted Vs 30 for site categorization
(Table 2). The computed Vs30’s value and categorization for each profile are shown
in Table 3 in accordance with the differences in shear wave velocities with depth. The
research area’s topsoil is divided into two categories, B and C.

4 Results and discussion

The seismic refraction and the multichannel analysis of surface waves (MASW) methods
have become more familiar due to their low-cost, environment-gently, non-destructive, and
effective outputs. This paper clarified a case study of conducting integration of seismic
refraction and MASW methods for the supposed Spillway Fault investigation in the Aswan
High Dam area. For detecting the fault trace, nine seismic refraction profiles crossing
the fault and seventeen MASW lines along both sides of the supposed fault trace were
implemented. The main purposes of combining seismic refraction and MASW methods
were to minimize the uncertainty and confirm the obtained results.

Processing of the obtained seismic refraction profiles is represented in 2D velocity
models. Accordingly, the above-mentioned criteria indicate that the P-wave’s greatest
penetration, as seen in profiles 3 and 4, reached 40 and 50 m, respectively (Figs. 7 and 8).
Additionally, the obtained P-wave velocities in the research locations range from less than
600 m/sec to more than 6500 m/sec. The distribution of those different velocities makes
it appear as though a strong anisotropic medium exists in each of the vertical and lateral
directions of the analyzed subsurface areas. Seismic zones may be created by dividing
the seismic velocity variation range into smaller sections and preserving the values of
the velocity gradient and velocity interval from top to bottom. The produced 2D seismic
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velocity and structural sections along the nine observed profiles in the Spillway Fault area
also demonstrate that the seismic wave velocities throughout the nine profiles rise with
depth and their variance spans from less than 600 to more than 6500 m/s. Seismic wave
velocities show some lateral change across all strata at profile 6 (Fig. 10); these lateral
changes may correspond to fault zones, whereas for profiles 3, 5, 6, 7, 8, and 9 (Figs. 7, 9,
10, 11, 12 and 13) the first layer’s horizontal differences are obvious that might be cracks
or fractions brought on by the nearby Spillway Fault. There is no lateral variation in the
seismic wave velocities detected at profiles 1, 2, and 4, it could be a result of the passage
of high-pressure lines of electricity above the places of the profiles, which affected the
geophones and worked on the seismic waves, which made it difficult to determine the
onset of the seismic wave signals correctly, or may those profiles not crossed correctly the
supposed Spillway Fault.

On the other hand, the 1D shear wave velocity models have several striking features
likely affected by changes in material properties or lithology. Variations in material
textures, cementation, or compaction are probably related to rapid changes in the velocity
gradient. Figure 16 shows 1D shear wave velocity models located around the supposed
Spillway Fault trace. The general impression that could be taken from those models is that
Vs values for most of the layers on the western side are lower, while most of the profiles
at the eastern side layers show high shear wave velocity values, this phenomenon could be
interpreted as the existence of normal dip-slip fault or fraction and fissure due to this fault
running between the profiles.

In addition, as seen in Table 3, Vs30 values which were deduced from the analysis
of the shear wave profiles emphasized the idea of the occurrence of a local dip-slip fault
affecting the study area and divided it into two different lithological parts; the first part
which located in the eastern part characterized by almost class B (rock site, according
to NEHRP classification), while the second part which located to the west shows almost
class type C (denoted as dense soil and soft rock soil). The calculated Vs30 value showed
that the soil of the study area is classified into two groups B and C which confirmed the
existence of a local dip-slip fault.

5 Conclusion

In the framework of an applied multidisciplinary geophysical survey at a chosen study
area, two inexpensive seismic methods were applied. Thus, in order to image and identify
the spillway Fault track, seismic refraction and multichannel analysis of surface waves
(MASW) were conducted. According to the seismic refraction profiles, we can notice
that the detected fault caused relatively considerable displacement in the sedimentary and
basement rocks, this obtained result coincides with the obtained cross-section obtained
(WCC 1985). In addition, the 1D shear wave velocity models derived from the MASW
approach exhibit several characteristics influenced by material property changes brought
about by abrupt variations in the velocity gradient along the western and eastern sides of
the assumed Spillway Fault path. Consequently, the Vs and the Vs30 values for most of
the layers on the western side are lower and have soil class type C. According to the soil
classification system, the majority of the profiles on the eastern side exhibit high shear
wave velocity layers and B-type soil. These findings might be taken as evidence of a typical
dip-slip fault that affects the research region and divides it into two distinct lithological
portions. In conclusion, we could say that the promising outcomes of this case study
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indicate that the combination of MASW and seismic refraction methods has a significant
contribution to investigating faults at shallow depths.
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